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Ytterbium (Yb) metal is divalent and nonmagnetic but would be expected under sufficient pres-
sure to become trivalent and magnetic. We have carried out electrical resistivity and ac magnetic
susceptibility measurements on Yb to pressures as high as 179 GPa over the temperature range
1.4 - 295 K. No evidence for magnetic order is observed. However, above 86 GPa Yb is found
to become superconducting near 1.4 K with a transition temperature that increases monotonically
with pressure to approximately 4.6 K at 179 GPa. Yb thus becomes the 54th known elemental
superconductor.
The majority of elemental solids in the periodic table
are superconductors: 31 at ambient pressure and 22 more
under high pressure [1, 2]. However, of the 15 lanthanide
metals, only 4 are known to superconduct: La at ambient
pressure and Ce, Eu, Lu under high pressure [1]. The
paucity of superconductivity in the lanthanides is mainly
due to their strong local-moment magnetism. This is
not true for Yb since its 4f14 orbital is filled and thus
nonmagnetic.
All lanthanide metals are trivalent except Eu and Yb
that are divalent. One would anticipate, however, that
under sufficient pressure both Eu and Yb would ulti-
mately become fully trivalent whereby one 4f electron
would jump into the conduction band. Yb would then
take on the magnetic 4f13 configuration and order mag-
netically at some temperature To. As discussed below,
de Gennes factor considerations lead to an anticipated
magnetic ordering temperature for trivalent Yb near 6
K.
Whereas an early x-ray absorption spectroscopy mea-
surement found Yb to be fully trivalent at 34 GPa [3], a
later study over the same pressure range concluded that
Yb’s valence saturates at approximately 2.7 [4]. Theo-
retical calculations indicate that the valence of Yb does
indeed increase with pressure, but the estimated degree
of increase depends on the approximations used [5]. The
equation of state and structural phase transitions in Yb
have been determined at ambient temperature to pres-
sures as high as 202 GPa [6]. These authors conclude
that Yb is fully trivalent for pressures of 100 GPa and
above.
Both Ce [7] and Eu [8] order magnetically but become
superconducting under pressure when the magnetism is
suppressed. Both effects may be the result of an in-
creasing instability in the magnetic state under sufficient
pressure. If so, it would seem possible that pressure-
induced magnetic instabilities in Yb could also lead to
superconductivity. This would be of particular interest
since under pressure both Ce and Eu are pushed from
a magnetic to a nonmagnetic state, whereas in Yb ex-
actly the opposite may occur. Studying the possible
nonmagnetic-magnetic transition in Yb would provide
important information to further our understanding of
these highly correlated electron phenomena. For exam-
ple, an in-depth study of elemental Yb metal would di-
rectly aid our understanding of heavy fermion, quantum
critical, non-Fermi liquid, magnetic ordering, and/or un-
conventional superconductivity in Yb-based compounds
[9–13], and also enhance our understanding of these phe-
nomena in general. Very recently β-YbAlB4 [9] was re-
ported to be the first superconducting Yb-based heavy-
fermion system, with Tc = 80 mK.
Previous high-pressure transport studies on Yb have
focused on the metal-insulator transition below 5 GPa
[14, 15]; another resistivity experiment extended the pres-
sure range to 16 GPa [16]. In neither study were magnetic
ordering or superconductivity observed above 2 K.
In this letter we extend previous transport and mag-
netic measurements on Yb to pressures exceeding 100
GPa (1 Mbar). Both electrical resistivity and ac mag-
netic susceptibility measurements confirm that Yb be-
comes superconducting above 80 GPa at 1.4 K with Tc
increasing to ∼4.5 K at 179 GPa. No sign of magnetic
order is observed over this entire pressure range.
To generate pressures surpassing 1 Mbar, a membrane-
driven [17] diamond anvil cell (DAC) made of CuBe alloy
was used [18] where pressure was generated between two
opposed diamond anvils (1/6-carat, type Ia) with 0.35
mm diameter culets beveled at 7◦ to 0.18 mm central
flats. In the resistivity experiment a Re gasket (6 - 7
mm diameter, 250 µm thick) was pre-indented to 30 µm
and a 90 µm diameter hole electro-spark drilled through
the center. The center section of the pre-indented gas-
ket surface was filled with a 4:1 cBN-epoxy mixture to
insulate the gasket and serve as pressure medium. The
thin square-shaped Yb sample (Alfa Aesar, 99.9%) with
dimensions ∼40×40×5 µm was then placed on top of
four thin (4 µm) Pt leads for a four-point dc electrical
resistivity measurement with 0.5 mA excitation current.
See paper of Shimizu et al. [19] for further details of the
non-hydrostatic pressure technique.
Since a Re gasket superconducts under pressure at ∼4
K, a gasket made of MP35N (neither superconducting nor
magnetic) was used in the ac susceptibility χ(T ) measure-
ments. The MP35N gasket was heat treated at 565oC for
4 hours resulting in an increase in HRC hardness from
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FIG. 1. (color online) (a) Resistance of Yb in run R1 ver-
sus temperature from 1.4 K to 295 K at room-temperature
pressures to 179 GPa. Inset shows smooth R(T ) dependence
below 25 K; note that residual resistance at 5 K has been
subtracted off. Inset inside inset shows sharp break in slope
of R(T ) for Nd signaling magnetic ordering at To ≃ 44 K
[24]. (b) Resistance data from (a) for temperatures 1.4 K
to 7 K showing superconducting transitions for pressures 86
GPa and above. Data at 86 GPa are from run R2. Here Tc is
defined (see, for example, data at 150 GPa) as temperature
where straight red line through data hits temperature axis;
vertical tick marks temperature where R(T ) vanishes.
48 to 52. The 90 µm hole in the pre-indented gasket was
filled with Yb sample without pressure medium. The
real and imaginary parts of χ(T ) were determined in the
first harmonic, and at some pressures in the third har-
monic, using a Stanford Research SR830 digital lock-in
amplifier with a SR554 transformer preamplifier and a
Keithley 6221 constant ac current source.
In all experiments the pressure at room temperature
was determined by Raman spectroscopy from the di-
amond vibron [20]. In selected experiments on Yb a
ruby manometer [21] was also used, revealing an approxi-
mately linear increase in pressure of about 20% on cooling
from 295 to 4 K. Since the important phenomena either
occur or are expected to occur at temperatures near 4
K, all values of pressure in this paper are enhanced by
20% over those measured at ambient temperature using
the diamond vibron. Further experimental details of the
DAC, cryostat, and ac susceptibility techniques are given
elsewhere [18, 22, 23].
The temperature dependence of the resistivity for Yb,
R(T, P ), was determined for pressures exceeding 1 Mbar
in two separate experiments. The data obtained in the
first are shown in Fig 1(a) and its inset for pressures
to 179 GPa. Careful examination reveals that all R(T )
data increase smoothly with temperature over the entire
temperature range 1.4 - 295 K, giving no evidence for
magnetic order. The inset displays for an earlier exper-
iment on Nd [24] the typical break in slope of R(T ) or
resistivity knee that signals the occurrence of magnetic
ordering at the temperature To = 44 K. At both ambi-
ent and low temperatures the resistance of Yb is seen to
increase with pressure to 135 GPa, but then to decrease
at higher pressures. This may result from the fcc-hP3
phase transition.
For pressures of 86 GPa and above the resistance at
low temperatures is seen to fall towards zero, pointing
to a transition to superconductivity. This is illustrated
more clearly in Fig 1(b) where the resistance is seen to
fall completely to zero at most pressures to 179 GPa. In
addition, no change in the shape of the transition is ob-
served if the current is reduced form 0.5 mA to 0.1 mA,
thus pointing to bulk, rather than filamentary, super-
conductivity. These results were confirmed by a second
resistivity experiment to extreme pressures.
A superior test for superconductivity is a measurement
of the magnetic susceptibility. In Fig 2(a) the real part
of the temperature-dependent ac magnetic susceptibil-
ity χ′(T ) of Yb is shown for one of three experiments.
The large negative magnetic shielding effect seen is con-
sistent with full screening from bulk superconductivity
at 109, 116, 123, and 132 GPa, whereas no evidence for
superconductivity is seen above 1.4 K at 92 GPa. To
enhance the visibility of the superconducting transition,
the temperature-dependent background signal at 72 GPa
has been subtracted from the data shown. The inset to
Fig 2(a) shows the raw data for χ′(T ) at 116 GPa. The
superconducting transition is found to shift to lower tem-
peratures under magnetic fields to 250 Oe at the rate 1.36
mK/Oe.
The imaginary part χ1′′(T ) in the 1st harmonic was
also measured at all pressures as well as the imaginary
part in the 3rd harmonic χ3′′; all three are compared
in Fig 2(b). Whereas the temperature-dependent back-
ground signal was subtracted for the two 1st harmonic
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FIG. 2. (color online) (a) Real part of 1st harmonic of ac
susceptibility versus temperature for Yb in run X3 showing
strong diamagnetic shielding of superconducting transition for
room-temperature pressures above 92 GPa. Background sig-
nal from non-superconducting Yb at 72 GPa has been sub-
tracted from data. Inset shows superconducting transition at
116 GPa in raw data. (b) For Yb at 116 GPa, temperature
dependence of 1st harmonic of real and imaginary parts of ac
susceptibility with background was subtracted as in (a) and
compared to 3rd harmonic of imaginary part of ac suscep-
tibility where no background subtraction was necessary. All
three susceptibilities clearly define superconducting transition
temperature.
susceptibilities, no subtraction was necessary for χ3′′. We
define Tc to be the temperature of the midpoint of the
transition in χ1′(T ), a temperature that corresponds ap-
proximately to that where the resistivity falls to zero [25].
These results were confirmed by two further ac suscepti-
bility experiments.
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FIG. 3. (color online) Superconducting transition tempera-
ture of Yb versus pressure for all resistivity and ac suscep-
tibility measurements. In the legend “R”and “X”are values
from resistivity and ac susceptibility measurements, respec-
tively. For resistivity Tc is defined as temperature where R(T )
extrapolates to zero, upper error bar marking transition mid-
point and lower error bar where R(T ) actually reaches zero.
In ac susceptibility Tc is defined as temperature at transi-
tion midpoint for real part of 1st harmonic, upper and lower
error bars giving temperatures where straight line through
data intersect, as in upper panel of Fig. 2(b). Long straight
line gives best estimate of Tc versus pressure with slope 50
mK/GPa. Structures at top of graph for Yb follow the struc-
ture sequence at room temperature [6]: fcc(I) to bcc at 4 GPa,
to hcp at 26 GPa, to fcc(II) at 53 GPa, to hP3 at 96 GPa.
During the entire resistivity experiment no electrical
contact occurred between the sample and Pt contact
strips with the metal gasket or pressure cell. To check
whether the Pt contact strips themselves might become
superconducting at extreme pressure, a separate experi-
ment was carried out on a Pt sample alone. No evidence
for a superconducting transition was seen in the resistiv-
ity measurements to 168 GPa pressure above 1.4 K. To
check whether the MP35N gaskets used in the ac sus-
ceptibility measurements might become superconducting
under pressure, a separate experiment was carried out on
an empty gasket containing no Yb sample. Again, no sign
of a superconducting signal was observed. The present
experiments thus show that Yb metal indeed becomes
superconducting for pressures of 86 GPa and above.
In Fig 3 the values for the superconducting transition
temperature Tc from both resistivity and ac susceptibil-
ity measurements are plotted versus pressure. The larger
pressure range for the resistivity is due to differences in
pressure techniques. Within experimental error the resis-
tivity and ac susceptibility measurements agree and find
that under pressure Tc for Yb increases at the rate of
approximately +50 mK/GPa.
4The overriding effect of high pressure on matter is
to turn insulators into metals, quench magnetism, and
promote superconductivity. The magnetism of the lan-
thanides with their highly localized 4f orbitals is par-
ticularly resistant to pressure quenching. For most lan-
thanides Mbar pressures only suffice to generate the ap-
proach to a reduction in the number of electrons in the 4f
orbital [1, 24]. In the case of the highly compressible diva-
lent non-magnetic lanthanide Yb, a full reduction would
seem more likely, leaving a magnetic 4f13 state. X-ray
spectroscopy studies differ on whether or not Yb becomes
fully trivalent under 40 GPa pressure [3, 4]. Equation of
state studies have been interpreted to support trivalent
Yb at 100 GPa pressure and above [6]. Should this be
true, magnetic order in Yb would be expected.
If one applies simple de Gennes scaling [26] to estimate
the magnetic ordering temperature of trivalent Yb, one
finds that it should be approximately 49-times lower than
that of Gd or To = (292 K)/49 K = 6 K. Using the
ratio of the magnetic ordering temperatures of GdRh6B4
and YbRh6B4 [27], instead of the de Gennes factor, one
arrives at the estimate To = 4 K. In any case the present
studies find no evidence for magnetic order in Yb above
1.4 K to pressures as high as 179 GPa. This, plus the
fact that Yb becomes superconducting, speaks strongly
against a fully trivalent state in Yb to this pressure.
Although it is certainly possible that Yb is a BCS su-
perconductor, the fact that a nonmagnetic-to-magnetic
transition is approached under pressure makes an ex-
otic form of superconductivity seem possible where mag-
netic fluctuations play an important role [28]. This
scenario has been proposed for the recently discovered
heavy Fermion superconductor β-YbAlB4 that happens
to be positioned very near to a quantum critical point
[9]. In typical Kondo-lattice systems the Kondo temper-
ature and the magnitude of the negative covalent mix-
ing exchange J increase with pressure, passing through a
Doniach-like phase diagram until magnetism is quenched
at a quantum critical point [1, 24], near where supercon-
ductivity may appear. In contrast, in Yb one would ex-
pect everything to go in reverse where the Kondo temper-
ature decreases with pressure as the magnetic state stabi-
lizes. Thus one might conjecture that the superconduct-
ing transition temperature will pass through a maximum
and decrease before magnetic order sets in as Yb passes
through the quantum critical point in reverse. To ac-
cess these phenomena, the application of multi-megabar
pressures would likely be necessary.
In summary, in the present resistivity and magnetic
susceptibility experiments superconductivity has been
discovered in Yb for pressures above 86 GPa with no
sign of magnetic order between 1.4 and 295 K to 179
GPa. To this pressure Yb is clearly not in a fully triva-
lent, stable magnetic state. Yb thus becomes the 54th
elemental superconductor discovered to date.
Acknowledgments. The authors would like to thank
G. Fabbris, A. Gangopadhyay, and D. Haskel for criti-
cally reading the manuscript. This work was supported
by the National Science Foundation (NSF) through
Grant No. DMR-1104742 and No. DMR-1505345 as
well as by the Carnegie/DOE Alliance Center (CDAC)
through NNSA/DOE Grant No. DE-FC52-08NA28554.
[1] J. S. Schilling, in Correlations in Condensed Matter un-
der Extreme Conditions, Ch 4, editors G. G. N. Angilella
and A. La Magna (Springer, Berlin, 2017) 47.
[2] For Bi, see: O. Prakash, A. Kumar, A. Thamizhavel, S.
Ramakrishnan, Science 355, 52 (2017).
[3] K. Syassen, G. Wortmann, J. Feldhaus, K. H. Frank, and
G. Kaindl, Phys. Rev. B 26, 4745 (1982).
[4] A. Fuse, G. Nakamoto, M. Kurisu, N. Ishimatsu, H.
Tanida, Journal of Alloys and Compounds 376, 34
(2004).
[5] E. R. Ylvisaker, J. Kunes, A. K. McMahan, and W. E.
Pickett, Phys. Rev. Lett. 102, 246401 (2009).
[6] G. N. Chesnut and Y. K. Vohra, Phys. Rev. Lett. 82,
1712 (1999).
[7] J. Wittig, Phys. Rev. Lett. 21, 1250 (1968).
[8] M. Debessai, T. Matsuoka, J. J. Hamlin, J. S. Schilling,
and K. Shimizu, Phys. Rev. Lett. 102, 197002 (2009).
[9] S. Nakatsuji, K. Kuga, Y. Machida, T. Tayama, T.
Sakakibara, Y. Karaki, H. Ishimoto, S. Yonezawa, Y.
Maeno, E. Pearson, G. G. Lonzarich, L. Balicas, H. Lee
and Z. Fisk, Nature Phys. 4, 603 (2008).
[10] I. Veremchuk, T. Mori, Y. Prots, W. Schnelle, A. Leithe-
Jasper, M. Kohout, Y. Grin, Journal of Solid State
Chemistry 181, 1983 (2008).
[11] A. L. Cornelius, J. S. Schilling, D. Mandrus and J. D.
Thompson, Phys. Rev. B 52, R15699 (1995).
[12] P. Schlottmann, J. Appl. Phys. 73, 5412 (1993).
[13] A. Fernandez-Panella, D. Braithwaite, B. Salce, G.
Lapertot, and J. Flouquet, Phys. Rev. B 84, 134416
(2011).
[14] C. Enderlein, S. M. Ramos, M. Bittencourt, M. A. Con-
tinentino, W. Brewer, and E. Baggio-Saitovich, J. Appl.
Phys. 114, 143711 (2013).
[15] D. B. McWhan, T. M. Rice, and P. H. Schmidt, Phys.
Rev. 177, 1063 (1969).
[16] H. Katzman and J. A. Mydosh, Z. Physik 256, 380
(1972).
[17] W. B. Daniels and W. Ryschkewitsch, Rev. Sci. Instr.
54, 115 (1983).
[18] James S. Schilling, in Proceedings of the 9th AIRAPT
International High Pressure Conf., Albany, New York,
July 24-29, 1983, editors C. Homan, R.K. MacCrone and
E. Whalley (North-Holland, N.Y., 1984); Mat. Res. Soc.
Symp. Proc. 22, 79 (1984).
[19] K. Shimizu, K. Amaya, and N. Suzuki, J. Phys. Soc. Jpn.
74, 1345 (2005).
[20] Y. Akahama and H. Kawamura, J. Appl. Phys. 100,
043516 (2006).
[21] A. D. Chijioke, W. J. Nellis, A. Soldatov, and I. F. Sil-
vera, J. Appl. Phys. 98, 114905 (2005).
[22] S. Klotz, J. S. Schilling, and P. Mu¨ller, in Frontiers of
High Pressure Research, edited by H. D. Hochheimer and
R. D. Etters (Plenum, New York, 1991) p. 473.
5[23] M. Debessai, J. J. Hamlin, and J. S. Schilling, Phys. Rev.
B 78, 064519 (2008).
[24] J. Song, W. Bi, D. Haskel, and J. S. Schilling, Phys. Rev.
B 95, 205138 (2017).
[25] See, for example: R. Lortz, T. Tomita, Y. Wang, A.
Junod, J.S. Schilling, T. Masui, S. Tajima, Physica C
434, 194 (2006).
[26] S. Blundell, Magnetism in Condensed Matter (Oxford
Univ. Press, N.Y., 2001).
[27] F. Pontkees, J. S. Schilling, P. Klavins, K. S. Ahreya, and
R. N. Shelton, Solid State Commun. 53, 943 (1985).
[28] P. Monthoux, D. Pines, and G. G. Lonzarich, Nature
439, 1177 (2007).
